Solvent Dependence of the Product Ratio from la and 5. The reaction was carried out with equimolar amounts of la and 5 a t ambient temperature in different solvents as described for ether (see above).lg The crude product mixture was analyzed by 'H NMR using the singlets at 6 5.04 and 5.07 for 8, the singlets at 6 5.58 and 6.43 for 9, and the singlet at 6 6.09 for 10. The small (CDCl,) 6 22.12 (t), 31.10 (t), 40.01 (t), 45.14 (t), 92.78 (s), 108.50
Found: C, 78.84; H, 6.95; N, 6.35. Solvent Dependence of the Product Ratio from la and 5. The reaction was carried out with equimolar amounts of la and 5 a t ambient temperature in different solvents as described for ether (see above).lg The crude product mixture was analyzed by 'H NMR using the singlets at 6 5.04 and 5.07 for 8, the singlets at 6 5.58 and 6.43 for 9, and the singlet at 6 6.09 for 10. The small (CDCl,) (19) The deviation of the 8:9:10 product ratio (ether) from that reported above is due to the use of la and 5 in a 1:l ratio (2:l in the previous experiment), which reduces the probability of the sequential reaction of la with 9 to give 10.
amounts of 11 have been neglected. Relative Reactivities of Dipolarophiles toward Benzonitrile Oxide (la). A mixture of two dipolarophiles and benzohydroxamoyl chloride were dissolved in 4 mL of CClb Triethylamine was added, and the mixture was stirred a t 20.5 OC for 8 h. The mixture was filtered to remove triethylammonium hydrochloride, and the filtrate was concentrated under reduced pressure to give a mixture of products, which was analyzed by 'H NMR or GC.
The 'H NMR analyses were based on the relative intensities of the following signals: 8, 6 5. 04 Dimerizations of 1,3-dienes have attracted great attention in the mechanistic discussion of Diels-Alder reactions' since the regular [4 + 21-cyclodimers are often accompanied by certain amounts of 1,2-divinylcyclobutanes and 1,5-cyclooctadienes.'-3 The question of whether the diradical pathway, which accounts for the formation of the the dominant route to the Diels-Alder products has been intensively studied, and evidence for concerted and stepwise Diels-Alder reactions has been presented.' Since in most cases the studies have been carried out with acyclic dienes, the analysis of the results is complicated by the conformational freedom of the dienes.
A conformationally rigid diene fragment with sterically shielded 2-and 3-positions is incorporated in the bis- 
When neat samples of 3 and 4 were heated at 150 "C for 9 h, a small degree of decomposition was observed, but no mutual interconversion of the two cycloadducts was detectable. Kinetic control of the 3/4 product ratio is also supported by the constancy of this ratio during the course of the kinetic experiments. As the product ratio is not affected by the presence of triethylamine during the dimerization, acid or base catalysis (see below) cannot account for the product ratio obtained under these conditions.
Since the [,4, + ,4,]-cycloaddition is an orbital symmetry forbidden process, the formation of 4 is rationalized by the intermediacy of the diradical2. The Diels-Alder dimer 3 may also be generated via cyclization of 2, but for its formation a concerted pathway is also feasible. In order to distinguish between these two mechanistic possibilities, we have investigated the temperature-and pressure-dependence of the dimerization of 1.
The activation parameters presented in Table I were determined from the temperature dependence of the rate constants (Table 11 ). The activation entropy for the formation of 3 is in the same order of magnitude as in other Diels-Alder reactions.le Its value ( A P ( 3 ) ) is less negative, however, than AS* (41, which corresponds to a reaction where a diradical pathway is operative. Since concerted cycloadditions are characterized by more highly ordered transition states than the corresponding stepwise processes, the relative magnitude of AS*(3) and AS'(4) provides an argument that 3 is not formed by a concerted pathway while 4 is generated via the diradical2. Further evidence for a stepwise Diels-Alder reaction comes from the observation that the activation enthalpy AH*(3) is higher by 0.84 f 0.09 kcal/mol than 1Ws(4).' Steric effects which disfavor the concerted [4 + 21-cycloaddition obviously overcompensate the gain of resonance energy (energy of concert)8 resulting from a concerted bond formation in the Diels-Alder fashion.
This conclusion is corroborated by investigations at variable pressure. In the range from 1 to 9300 bar (80 "C) the product ratio 3:4 was found to be almost constant, Table  111 ). This finding suggests a similar geometry of the transition states for the formation of both products. Again with the assumption that formation of 4 involves a stepwise process, 3 is accordingly the product of a nonconcerted Diels-Alder reaction.
The absolute values of the activation volumes for the formation of 3 and 4 were determined from the pressure dependence of the corresponding rate constants k2(3) and k2(4) at 79.1 "C between 550 and 9300 bar (Table 111) to be AVO* (3) = -15.8 f 0.2 cm3/mol and AV0'(4) = -15.5 (6) (a) 1,1,2,2,3,3,4 f 0.2 cm3/mol, respectively. From the partial molar volumes of 1 and 3 the reaction volume for the formation of 3 was derived to be AV(3) = -40.8 cm3/mol at 21 "C and -51.2 cm3/mol at 79.1 "C (extrapolated by using the El'-yanov equationg). The activation volume AV0'(3) is considerably less negative than that of most common Diels-Alder reactions (AV* = ,-25 to -40 ~m~/ m o l '~J~ whereas the corresponding reaction volume is in the usual order of magnitude. The ratio AVo'(3)/AV(3) = 0.31 indicates that contrary to concerted Diels-Alder reactions (where the ratio AVo*/AV is usually found to be equal to or even larger than unity) the geometry of the transition state of this reaction does not resemble that of the product.
Consequently, the [4 + 21-cyclodimerization like the [4 + 41-cyclodimerization of 1 proceeds through the intermediacy of a diradical. Catalyzed Dimerization of 1. Attempts to synthesize 4 selectively via Ni-catalyzed dimerization1' of 1 have failed. No reaction took place when 1 was heated with Ni(COD),/Ph3P12 at 60 "C in toluene for 18 h. A selective [4 + 21-dimerization was observed, however, when 1 was treated with ZnC12/Eg0 in di~hloromethane'~ at ambient temperature. Proton catalysis from traces of moisture, as indicated in Scheme 111, is probably responsible for this dimerization process, since ZnC12.0Et2 was inefficient in the presence of 0.2 equiv of NEt3. In accord with this interpretation, the Brernsted basic Lewis acid EgAlCl did not induce a reaction, while BF3-OEt2 gave rise to the formation of 3 and of polymers even at -70 "C.
Moderately strong Brernsted acids per se are, however, not sufficient for the dimerization of 1, since a 1:l mixture of 1 and 6 (X = CF3C02-)14 was observed when 0.5 equiv (9) El'yanov, B. S.; Gonikberg, E. M. J. Chem. SOC., Faraday Trans.
(10) Asano were obtained when hydrogen chloride (<1 equiv) was introduced into solutions of 1 in CHzC12 at -70 "C or at ambient temperature. The formation of 3 was observed, however, when 1 % of trifluoromethanesulfonic acid was added to a solution of 1 in dichloromethane at -70 "C and warmed up to room temperature. Further support for the mechanism presented in Scheme I11 comes from the following experiment: When 6 (X = C1,O.lmmol) was added to a solution of 1 (0.4 mmol), ZnC12 (2.0 mmol)/Eg0(3.2 mmol), and NEt3 (0.4 mmol), 6 consumed 1 equiv of 1 to give 3, while the rest of the diene remained unaffected.
Experimental Section
General. The NMR spectra were taken on a Varian XL 200 spectrometer with tetramethylsilane as internal standard. The mass spectra were recorded on a 70-250 VG spectrometer, and the microanalyses were carried out by Ilse Beetz, Microanalytisches Laboratorium, D-8640 Kronach.
Thermal Dimerization of 1. Compound 1 (0.67 g) and toluene (0.60 g) were heated for 60 h at 125 O C in a stoppered flask, which had been flushed with nitrogen. The product mixture was separated by MPLC (RP18, methanol) to give 0.35 g (52%) of 3 and (15) 'H NMR (CCJ 6 0.80 ( 8 , 6 H), 0.92 (8, 6 H), 1.00 (8, 6 H), 1.43  (s, 3 H), 3.98 (8, 2 H) .
Pressure Dependence of the Dimerization of 1. Portions  (0.2 mL) of the solution of 1, n-C18HB (as internal GC standard),  and (a) bis(3-tert-butyl-4-hydroxy-5-methylphenyl) sulfide (BHMPS) or (b) diphenylamine (PhzNH) (as inhibitors of radical chain polymerization of 1) in toluene (degassed and saturated with argon) were sealed in PTFE tubes (pretreated with refluxing triethylamine in order to avoid acid catalysis at the surface of the P T F E tubes), placed in a 10-kbar autoclave, and heated at different pressures as stated in Table 111 . The degree of conversion and the product ratio ,2942, 2867, 2824, 1637, 1475,  1456,1441,1428,1399,1382,1372,1365,1144,1124,888 ,677 cm-'; 'H NMR (CDClJ 6 0.80 (br, s, 9 H), 0.84 (s, 3 H), 0.86 (br s, 9   H), 0.89 (s, 3 H), 0.91 (s, 3 H), 1.05 (s,6 H), 1.09 (s,3 H The rate constants kz(total) were obtained from the slopes of 1/ [ 11 versus t plots, which were linear up to 80-30% conversion.
Quantitative analysis of the products 3 and 4 allowed splitting of k,(total) into the partial rate constants kz(3) and kz(4). With increasing time, the sum of [l], [3], and [4] is decreasing, indicating the formation of a nonvolatile unknown side product (probably polymer). Consequently, the sum of kz(3) and kz(4) is somewhat smaller than k,(total).
